Sonic hedgehog (SHH) expression is tightly regulated throughout development. In the adult, aberrant expression of SHH is associated with the onset and progression of pancreatic cancer, as evidenced by increased levels of expression in premalignant and malignant lesions of the pancreas. We investigated the hypothesis that SHH, secreted from pancreatic tumors, functions in a paracrine manner to influence the biological condition of mesenchymal and endothelial cells. Orthotopic implantation of a pancreatic tumor cell line expressing SHH (Capan-2) and a transformed primary cell line that overexpresses SHH (T-HPNE.SHH) were used to show that overexpression of SHH increased primary tumor size and metastasis. Treatment with a neutralizing antibody, 5E1, decreased primary tumor volume and inhibited metastasis. Lyve-1 þ vessels and stromal fibroblasts in tumors expressed primary cilium and showed localization of the receptor Smoothened to the primary cilium, providing evidence of active SHH signaling through this pathway. Although primary cilia are present on normal ductal cells of the pancreas, we did not observe primary cilium on the ductal tumor cells, suggesting decreased autocrine signaling through pathways mediated by the primary cilium in pancreatic cancer. These data support the hypothesis that SHH, secreted from pancreatic epithelia, is critical in establishing and regulating the tumor microenvironment and thereby contributes to progression of pancreatic cancer.
Introduction
Sonic hedgehog (SHH), known for influencing tissue patterning in developing embryos (Odent et al., 1999; Villavicencio et al., 2000; Ingham and McMahon, 2001; McMahon et al., 2003) , is a secreted morphogenic signaling protein that functions by binding to a 12-pass transmembrane protein called Patched (Ptch; Marigo et al., 1996) . SHH binding to Ptch releases the inhibitory affects of Ptch on a serpentine protein, Smoothened (SMO), which activates other downstream effectors that culminate with nuclear localization of the Gli2 transcription factor and upregulation of target genes, including Ptch, Gli1 and Hhip (Murone et al., 1999; Lipinski et al., 2006) . Mutations in the hedgehog pathway and aberrant expression of SHH are found in cancers (reviewed in Pasca di Magliano and Hebrok, 2003) .
The hedgehog signaling complex has been shown to organize and conduct signal transduction events at the primary cilium (Corbit et al., 2005; Rohatgi et al., 2007) . Primary cilia are microtubule-based organelles that protrude from the centriole to the extracellular environment of quiescent cells. In human pancreatic epithelial cells, loss of primary cilia function is associated with an increase in the formation of cysts and lesions associated with pancreatitis or cystic fibrosis (Cano et al., 2006) . The mechanisms by which primary cilia regulate hedgehog signaling in pancreatic cancer remain to be explored.
Pancreatic ductal adenocarcinoma (PDAC) is a lethal disease with a death to incidence ratio of 0.99 (Jemal et al., 2004) , whose genesis and progression is poorly understood. SHH is not expressed in the normal adult pancreas but is expressed in premalignant (PanIN) and ductal adenocarcinoma cells of pancreatic origin (Thayer et al., 2003) . Initial studies into the function of SHH in the initiation and progression of pancreatic cancer have shown only modest direct autocrine effects on tumor progression (Thayer et al., 2003; Liu et al., 2007; Morton et al., 2007) . Aberrant expression of SHH in the developing murine pancreas induces metaplasia but does not lead to adenocarcinomas that are typical of human disease (Kawahira et al., 2005; Kayed et al., 2006) . We sought to explore the contribution of SHH to pancreatic cancer initiation, progression, angiogenesis and tumor growth. We expressed SHH in a transformed ductal-derived epithelial cell line from the human pancreas that was immortalized with the catalytic subunit of telomerase (hTert-HPNE) (Lee et al., 2003) and transformed by sequential transduction with retroviral vectors that provide oncogenic insults that mimic the current progression model of pancreatic cancer (the transformed cell line is called T-HPNE). The results showed that SHH had only subtle autocrine effects on transformed cells in vitro, but in vivo enhanced angiogenesis and regulated angiogenesis. Furthermore, blocking SHH activity with a specific antibody inhibited tumor growth, lymphangiogenesis and metastasis. The results provide additional evidence that SHH is a regulator of the tumor microenvironment and thereby contributes to progression of pancreatic cancer.
Results

SHH overexpression promotes tumor growth and metastasis
The activity of SHH on the transformed growth properties of the T-HPNE and T-HPNE.SHH cell lines was evaluated in vivo by measuring tumor growth following subcutaneous injection of three million cells into athymic mice. SHH overexpression significantly decreased time to tumor progression for the T-HPNE.SHH cell line to 11 days compared to 27 days for the T-HPNE cell line ( Figure 1a ). SHH expression did not affect tumor growth rate in the subcutaneous model once the tumors had appeared (Figure 1b) . The SHH overexpression model was further investigated in an orthotopic tumor model, where one million cells of the T-HPNE and T-HPNE.SHH cell lines were implanted into the pancreas of athymic mice. Mice were killed at 46 days after tumor challenge. SHH expression in the orthotopic tumors was confirmed by western blot analysis ( Figure 1c ). Similar to findings in the subcutaneous model, SHH overexpression in the T-HPNE cell line resulted in significantly increased weights of primary tumors (Figure 1d ). Moreover, tumors expressing SHH had increased incidence of tumor invasion and metastasis to the spleen, peritoneum and liver ( Figure 1e ). Hedgehog signaling pathways are known regulators of angiogenesis in cancer and development (Velcheti, 2007; Nagase et al., 2008; Straface et al., 2008) . Immunohistochemical (IHC) analysis of the orthotopic tumor sections for CD31 was used to determine if overexpression of the SHH ligand contributed to angiogenesis. The orthotopic tumors derived from the T-HPNE.SHH cell line showed increased microvessel density as evidenced by staining for CD31 (Figure 1f ).
SHH expression in T-HPNE cells enhances transformed growth properties in vitro
We sought to determine the relative contribution of autocrine SHH stimulation to growth of the T-HPNE and T-HPNE.SHH cells. Previous publications have shown that cyclopamine treatment of pancreatic cancer cells lines resulted in reduced growth rates and increased rates of apoptosis (Thayer et al., 2003) . SHH expression did not significantly increase the growth rate of the T-HPNE cell line in vitro (data not shown). Consistent with previous reports that SHH regulates epithelial-tomesenchymal (EMT) changes (Feldmann et al., 2007) , we detected, by western blot analysis, moderate EMT changes in the T-HPNE.SHH as evidenced by an increase in vimentin and a loss of E-cadherin. SHH expression significantly increased in vitro invasion on Matrigelcontaining chambers (Supplementary Figure 1) .
Isolated populations of pancreatic cancer stem cells (or tumor-initiating cells) have been shown to express SHH (Li et al., 2007) . Therefore, we investigated the effect of SHH expression on the percentage of putative cancer stem cells expressing CD133, a marker associated with stem cells/tumor-initiating cells in pancreatic cancer if not all cancers (Hermann et al., 2007; Heeschen, 2008) . SHH expression in the T-HPNE cells increased the percentage of CD133 þ putative cancer stem cells as compared to controls (Supplementary Figure 1) .
SHH paracrine signaling enhances tumor formation in vivo
We previously published that SHH expression in tumor cells regulates the desmoplastic response in pancreatic cancer (Bailey et al., 2008) . This, together with observations that SHH expression by T-HPNE cells did not enhance cell growth rates in vitro, but decreased time to tumor progression and increased angiogenesis in vivo, led us to hypothesize that the effects on tumor growth were the result of paracrine signaling by SHH to stromal cells, including fibroblasts. To test this hypothesis, we co-injected 10 000 human pancreatic fibroblasts mixed with 1 Â 10 6 T-HPNE or T-HPNE.SHH cells and evaluated tumor growth properties in vivo. Figure 2a shows results of this experiment in terms of percent disease-free mice over time. Co-injection of human pancreatic fibroblasts resulted in a significant decrease in time-to-tumor progression when comparing T-HPNE.SHH cells alone to T-HPNE.SHH cells that were co-injected with pancreatic fibroblasts. Moreover, there was no difference in time-to-tumor progression when T-HPNE cells not expressing high levels of SHH were coinjected with human pancreatic fibroblasts (Figure 2a) . Histological examination of cross sections of tumors showed an obvious increase in the number of blood vessels in the T-HPNE.SHH cells co-cultured with the human pancreatic fibroblasts when compared to the T-HPNE.SHH cells alone (Figures 2b and c) . These data suggest that the interactions between SHH, secreted from the tumor cells, and fibroblasts in the tumor microenvironment increase angiogenesis and tumor progression in pancreatic cancer.
Tumor-associated stromal cells express a primary cilium Recent publications have emphasized the significance of the primary cilium to initiate cellular responses to SHH ligand stimulation through Ptch and SMO (Corbit et al., 2005; Rohatgi et al., 2007) . We sought to evaluate the function of SHH signaling that is mediated by the primary cilium. We evaluated human primary pancreatic tumors and liver metastases for the presence of primary cilium, and looked for evidence of SHH signaling complexes at primary cilia by the colocalization of SMO. Consistent with recent work on the localization of primary cilia in the developing pancreas (Nielsen et al., 2008) and previous work citing expression of primary cilia in the islets and ductal cells, but not the acini (Cano et al., 2004 (Cano et al., , 2006 Zhang et al., 2005) , we observed staining for primary cilium in normal pancreatic ducts, but did not detect staining in acinar cells (Figure 3a) . We did not detect staining for the receptor SMO in either the ductal or acinar cells. In contrast, as shown in Figure 3b , we observed that primary were cilium localized to the stroma, but were absent on tumor cells from primary pancreatic tumors, which instead produced SHH. Notably, we observed localization of the receptor SMO along primary cilia in the stroma surrounding the tumor cells (Figure 3c ), confirming the potential for SHH pathway activation in the local tumor microenvironment. We also evaluated expression of SHH, SMO and the primary cilium in liver metastases of pancreatic tumors (Figure 3d ). Confocal analysis showed that metastatic PDAC cells expressed SHH, but showed no staining for the primary cilium marker, acetylated a-tubulin (acet. tub.), and also lacked staining for SMO. In contrast, stromal cells adjacent to the SHH-expressing metastatic duct expressed abundant primary cilium and showed localization of the receptor SMO to the primary cilium. Notably, the stromal cells expressed very high levels of SMO as compared to the tumor cells.
SHH paracrine signaling in human pancreatic fibroblasts
The observation of increased angiogenesis in the T-HPNE.SHH tumors led us to examine expression of the proangiogenic cytokine vascular endothelial growth factor (VEGF) and HIF1a. Previous reports have implicated cross talk between SHH and HIF1a (Hwang et al., 2008) . We used immunohistochemistry to evaluate expression of VEGF and HIF1a in tumor sections derived from the T-HPNE.SHH cells. We detected stabilization of HIF1a, a known regulator of VEGF expression and an indicator of poor prognosis in patients with pancreatic cancer (Hoffmann et al., 2008) . We examined the cell source of HIF1a in these tumors by using IHC. Smooth muscle actin and fibroblasts in the T-HPNE.SHH tumor sections showed increased staining for HIF1a and also expressed Gli1 (Figure 4a and b), indicating that these cells were responsive to paracrine stimulation with SHH. The tumor-associated fibroblasts also stained positive for the expression of VEGF (Figure 4a and b).
These observations led us to determine if SHH ligand stimulation of pancreatic fibroblasts in vitro increased expression of VEGF. SHH pathway activation was confirmed by analysis of SHH-stimulated pancreatic fibroblasts, which showed increased expression of the receptor Ptch and increased cytoplasmic expression of the transcriptional repressor, Gli3 (Figure 4c ). also presents a western blot analysis showing that stimulation of human adult pancreatic fibroblasts with SHH increased the expression of VEGF. We sought to determine how SHH was regulating the expression of VEGF. We hypothesized that SHH stabilizes HIF1a under normoxic conditions in human pancreatic fibroblasts. Figure 4d presents western blot analysis of human pancreatic fibroblasts stimulated with SHH in the presence of the proteosome inhibitor MG132 under normoxic conditions. At a concentration of 5 mg/ml, SHH stabilized levels of HIF1a. Examination of the expression of different metalloproteases in response to SHH in the pancreatic fibroblasts showed no increase in matrix metalloproteinase (MMP) 1 or 7 (data not shown), but there was an increase in the expression of MMP9 (Figure 4e ). MMP9 is a target of Gli1 and a known regulator of metastasis and angiogenesis in pancreatic cancer (Nagai et al., 2008) . These data suggest that SHH-mediated paracrine signaling in fibroblasts in the tumor microenvironment enhances the expression of known regulators of angiogenesis and metastasis.
Treatment with a neutralizing antibody to SHH (5E1) significantly reduces tumor growth and metastasis We investigated further the effect of neutralization of SHH on in vivo growth properties of pancreatic cancer cells. The moderately differentiated human pancreatic cancer cell line, Capan-2, was orthotopically implanted into the pancreas of nude mice, which were subsequently treated weekly with a neutralizing antibody for SHH. The mice were monitored for 3 months and were killed on signs of cachexia. Figure 5a shows graphical representation of the average tumor volumes for mice that were not treated with any antibody, mice that were treated with an isotype immunoglobulin G (IgG) control antibody (4E11) or mice treated with the SHH- Tumor-derived SHH paracrine signaling promotes lymphangiogenesis in vitro and in vivo We observed significant decreases in the number of mice with metastatic lymph nodes when we administered the SHH-neutralizing antibody (5E1). We therefore evaluated the effects of SHH on intratumoral lymphangiogenesis. Control and 5E1-treated Capan-2 tumors were evaluated for expression of two lymphatic markers, Lyve-1 and Podoplanin. The neutralization of SHH decreased the number of Podoplanin þ (Figure 6a ) and Lyve-1 þ (Figure 6b ) cell types in the Capan-2 tumor sections. The number of Lyve-1 þ vessels was significantly decreased in tumors from animals treated with 5E1 ( Figure 6c ). We further analysed the affects of SHH paracrine signaling in vitro by stimulating a normal human lymphatic endothelial cell line (HMVEC) with recombinant human SHH (rhSHH). Stimulation with SHH significantly increased in vitro lymphangiogenesis ( Figure 6d ) and HMVEC motility (Figure 6e ). To confirm that tumor-derived SHH had the potential to signal through a paracrine mechanism to the lymphatic endothelial cells, we used confocal microscopy to determine if Lyve-1 þ cells in the untreated Capan-2 orthotopic tumors expressed primary cilium and showed localization of the receptor SMO to the primary cilium. Figure 7a presents evidence that the Lyve-1 þ cells expressed a primary cilium and showed localization of SMO to the primary cilium in a number of Lyve-1 þ cells. We further analysed the expression of the primary cilium on Lyve-1 þ vessels in tissue sections from patients with pancreatic cancer that are confirmed to express SHH (Figure 3) . Figure 7b shows that isolated Lyve-1 þ cells in primary tumors (7b) and liver metastasis (7c) express primary cilium and SMO is localized to the cilium in these cells.
Discussion
Sonic hedgehog is expressed in premalignant and malignant ductal epithelial cells of the pancreas, implicating this morphogenic signaling protein in the initiation and progression of pancreatic cancer. The data presented here and other reports (Pasca di Magliano et al., 2006; Morton et al., 2007) implicate SHH in tumor progression. Consistent with recent published data (Yauch et al., 2008; Tian et al., 2009) , we suggest that paracrine signaling in stromal cells is critical to SHH-mediated effects on progression of pancreatic cancer. A previous publication from our laboratory implicated SHH as a regulator of the tumor microenvironment through the production of desmoplasia (Bailey et al., 2008) . The results presented previously and here are consistent with the concept that SHH functions as a morphogen in developing tissues, in which it has multiple and different effects on different cell types, and suggest that pancreatic tumors have appropriated this normal function in a manner that enables angiogenesis and metastasis by the production of proangiogenic and metastasis-promoting effects in the stroma. These processes contribute significantly to disease progression to a metastatic phenotype, which is the major factor leading to the demise of the patient. Our results and other recent reports (Feldmann et al., 2007) have confirmed that SHH contributes to the metastatic potential of pancreatic cancer, and in particular we show here that effects on lymphangiogenesis are important and may influence the metastatic capacity of pancreatic tumors to lymph nodes.
The results presented here provide insight into both the autocrine and paracrine mechanisms by which SHH acts. With respect to autocrine effects, the most notable direct effect of SHH on T-HPNE cells was to enhance invasion in vitro, in part by inducing loss of E-cadherin in the T-HPNE.SHH cell line. These results are consistent with the hypothesis that SHH induces EMT in these cells, which is also consistent with its known effects in both normal (Apelqvist et al., 1997; Kawahira et al., 2005) and transformed cell types (Lee et al., 2003) . Other autocrine effects on transformed properties of tumor cells (proliferation, apoptosis) were minimal, except perhaps the observed increase in the percentage of CD133 þ cells in culture, which may indicate that SHH serves to enhance the number of tumor-initiating/ stem cells. Moreover, the observed effects on EMT and invasion in the T-HPNE.SHH cell line suggest this small population of tumor-initiating cells may be more responsive to autocrine stimulation in vitro and in vivo.
Regarding paracrine mechanisms of action of SHH, our results are consistent with other recent findings, which show that SHH paracrine signaling is required for tumor progression (Yauch et al., 2008; Tian et al., 2009) . It was notable that in primary tumor sections expressing SHH we observed stromal cells that showed localization of SMO to primary cilia, and saw evidence of active SHH signaling in this compartment (expression of Gli1). Primary cilia were not observed in tumor cells. This suggests that signaling downstream of SHH stimulation is different in tumor cells (autocrine) and stromal cells (paracrine). Specifically, our results suggest that SHHinduced paracrine signaling through complexes at primary cilium induces molecular alterations in the stroma that promote angiogenesis, lymphangiogenesis and metastasis. These findings are important to both understanding the role of SHH in tumor progression, and to current efforts to regulate the effects of SHH through the use of small molecule inhibitors of events downstream of SHH stimulation. That there are different signaling mechanisms operative in tumor (not mediated by primary cilium) and stroma (mediated by primary cilium) suggest that more comprehensive strategies may be required to modulate accurately the overall effects of SHH on tumor progression. Inhibiting signaling that is specific for tumor cells may not influence different mechanisms of signaling that are operative in stroma, which our data suggest contribute substantially to tumor progression. Moreover, targeting the stroma of tumors such as pancreatic cancer may be very important for achieving other positive effects on treatment, such as improving drug delivery and influencing angiogenesis and lymphangiogenesis.
Our use of 5E1 to treat pancreatic tumor growth is unique, as other studies have largely used cyclopamine or other small molecule inhibitors (Thayer et al., 2003; Feldmann et al., 2007) . Our findings that blocking SHH binding directly by antibody treatment causes dramatic effects on tumor growth and metastasis suggest that this strategy may be more effective in cases where SHH activates different downstream signaling pathways in different cells types, especially given that the specificity and activity of inhibitors such as cyclopamine are not well characterized.
In conclusion, SHH significantly affects the microenvironment and time to tumor progression in both subcutaneous and orthotopic mouse models of pancreatic cancer through paracrine effects. Our results suggest that SHH is critical in the tumor microenvironment, and that further investigation is required to better understand the potential for SHH as a therapeutic target for diminishing the desmoplastic response and pathogenesis of metastatic pancreatic cancer.
Materials and methods
Cell lines and culture conditions
The hTert-HPNE cells were originally isolated from the ductal structure of a human pancreas and were immortalized with the catalytic subunit of telomerase (h-Tert), along with subsequent transductions to introduce a Kras mutation, the human papillomavirus E6 and E7 peptides and the SV40 small t antigen, as was described previously (Lee et al., 2003) . The hTert-HPNE cells were maintained in Medium D containing one volume of M3 base (InCell Corp., San Antonio, TX, USA), three volumes of glucose-free Dulbecco's modified Eagle's medium, 5% fetal bovine serum (FBS), 5.5 mM glucose, 10 ng/ml epidermal growth factor (EGF) and 50 mg/ml gentamycin, at 37 1C in humidified atmosphere containing 5% CO 2 .
Capan-2 cells were maintained in McCoy's 5A with 10% FBS at 37 1C in humidified atmosphere containing 5% CO 2 .
HMVEC-dLy (Clonetics Dermal Lymphatic Microvascular Endothelial Cell Systems) were maintained in EGM-2 complete media at 37 1C in humidified atmosphere containing 5% CO 2 .
Primary cell culture Primary human pancreatic fibroblasts were isolated from human pancreatic tissue, as described previously (Lee et al., 2003) . Cells were monitored for several weeks and were identified by cellular morphology and staining of markers as cells of mesenchymal, stellate or epithelial lineage.
Western blot analysis and reagents
Whole-cell lysates were prepared by adding 1.5 ml NP40 cell lysis buffer (10 nmol/l Tris-HCl (pH 8.0), 150 mmol/l NaCl, 1 mmol/l phenylmethylsulfonyl fluoride and 1% Triton X-100) to cells grown to 80% confluence in T175 tissue culture flasks.
Protein (60 mg) was loaded onto 4-20% Novex Tris-Glycine gradient denaturing polyacrylamide gels (Invitrogen, Eugene, OR, USA) in a 1 Â SDS-polyacrylamide gel electrophoresis running buffer, containing 1 g/l SDS, 3 g/l Tris base and 14.4 g/l glycine. The proteins were transferred onto polyvinylpyrrolidone difluoride membranes by electrophoresis. Once transferred, the membranes were blocked in Blotto (5% dry milk resuspended in 1 Â Tris-buffered saline (0.9% NaCl, 10 mmol/l Tris (pH 7.4) and 0.5%MgCl)) overnight at 4 1C. Anti-SHH primary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was incubated at a 1:200 dilution at room temperature for 2 h. The membrane was washed three times, 10 min each time, before the addition of the secondary antibody (goat anti-rabbit horseradish peroxidase) at a dilution for 50 min.
For analysis of EMT, the cells were washed with 1 Â phosphate-buffered saline (PBS) and proteins were extracted using radioimmunoprecipitation assay buffer. Protein (80 mg) was loaded per well. For protein analysis: vimentin was from Chemicon (Temecula, CA, USA) fibronectin from Abcam (Cambridge, MA, USA), the mouse monoclonal against E-cadherin was a gift from M Wheelock (Omaha, NE, USA) and has been described (Peralta Soler et al., 1995) . The mouse monoclonal against N-cadherin was also a gift from M Wheelock and has been described (Peralta Soler et al., 1995; Wahl et al., 2003) . Other antibodies included HIF1a (1:400; Abcam), VEGF (1:200; Santa Cruz Biotechnology), ph-AKT/ AKT, ph-ERK/ERK (1:1000; Cell Signaling, Danvers, MA, USA), MMP9 (1:200; Neomarkers, Fremont, CA, USA), Ptch and Gli3 (1:100; Santa Cruz Biotechnology). For all blots, complexes were identified using enhanced chemiluminescence western blotting detection reagents. Membranes were stripped at subsequently blotted with anti b-actin antibody as a loading control.
Cell proliferation assay T-HPNE and T-HPNE.SHH cells were plated (in triplicate for each experiment) in 96-well plates at a density of 2000 cells per well. The cells were monitored for viability using 3-(4,5-dimethylthiazolyly-2)-2,5-diphenyltetrazolium bromide (MTT) reagent at 24 and 96 h. At the given time points, MTT reagent was added to the media and allowed to incubate for 4 h at 37 1C in a humidified incubator at 5% CO 2 . The grains were then attached to the bottom of the plate by centrifugation and dimethyl sulfoxide was added to dissolve the grains. Cell viability was quantified by reading the plates at an absorbance of 570 nm.
Colony-forming assay
NuSieve GTR low-melting agarose (FMC Bioproduct, catalog no. 50082) was used in this experiment to create a 0.6% bottom agar solution and a 0.4% top agar solution. HPNE cells were mixed in the top agar solution before the agar was allowed to solidify at a density of 50 000 cells per six-well plate. The cells were allowed to incubate at 37 1C for 10 days before being stained with crystal violet and counted.
Matrigel invasion assays
In vitro invasive potential of cells overexpressing SHH was assayed using the Biocoat Matrigel Invasion Chamber (Becton Dickinson Labware, Bedford, MA, USA). T-HPNE and T-HPNE.SHH were seeded onto the upper chamber of double-structured matrix gel chamber at a density of 1 Â 10 5 cells per chamber. The cells in the upper chamber were seeded in serum-free Medium D. The lower chamber contained Medium D with the addition of 10% FBS. The chambers were cultured at 37 1C for 22 h in a humidified incubator containing 5% CO 2 . For analyses of all invasion assays, cells on the upper portion of the matrix membrane were wiped off with cotton-tipped swab and cells on the bottom of this membrane were fixed and stained with Diff-Quick staining kit (Allegiance, Dublin, OH, USA) and observed by a light microscopy. The number of invading cells was quantified by counting the membranes at Â 200 magnification. For migration assays, 5000 HMVECs were seeded into the upper chamber of a Biocoat Matrigel Invasion Chamber using the control insert alone to analyse migration. The cells were seeded in complete media in the upper chamber and were stimulated by the addition of rhSHH at 1.0, 5.0 or 10.0 mg/ml and analysed after 22 h, as described previously.
Stimulation of pancreatic fibroblasts with SHH Cells were seeded in T75 flasks and were serum-starved for 16 h. Cells were then stimulated with rhSHH (R&D Systems, Minneapolis, MN, USA) at three concentrations: 0.1, 1.0 and 5.0 mg/ml. The cells were stimulated for 24 h before lysates were taken.
Subcutaneous injections in athymic nude mice
Three million cells were injected in a subcutaneous model in athymic nude mice. Before injection, the cells were trypsinized, counted, washed twice in 1 Â PBS and resuspended at a density of 3 Â 10 6 cells per 30 ml, and injected between the scapulae. Tumor growth was monitored every 2 days, by calculating diameter in two dimensions using a caliper. The mice were euthanized when the tumor volume reached 1800 mm 3 . For coinjection experiments, 1 Â 10 6 cells per 30 ml þ 10 000 fibroblasts or 1.11 6 cells per 30 ml (tumor cells only) were injected between the scapulae.
Orthotopic implantation in athymic nude mice One million T-HPNE and T-HPNE.SHH cells were each injected into the pancreas of 12 or 13 mice to analyse tumor growth, metastases and desmoplasia in response to overexpression of SHH. Preparation of cells was described in the subcutaneous injection model. Orthotopic implantation of HPNE cell lines was performed, as was described previously (Tsutsumida et al., 2006) .
In another set of experiments, one million Capan-2 cells were implanted into the pancreas of athymic nude mice. One group of mice were controls, one group was given 500 mg of 5E1 (Pepinsky et al., 2000) once each 7 days and the last group was administered an IgG control antibody (4EII) at the same dose as 5E1.
Immunohistochemical and confocal analyses
To identify SHH in the primary and metastatic human tumor sections, SHH (1:200; Santa Cruz Biotechnology) anti-rabbit primary antibody (Santa Cruz Biotechnology) was incubated on paraffin-embedded tissue sections for 2 h at 37 1C. The secondary staining was identified by Vectastain ABC reagent and DAB substrate. For confocal analysis, SHH (1:200; Santa Cruz Biotechnology), anti-acetylated a-tubulin from Sigma (Ronkonkoma, NY, USA; 1:500), Smo (1:100; Santa Cruz Biotechnology), Lyve-1 (1:100; Abcam). Secondary fluorescent probes were from Invitrogen (Carlsbad, CA, USA; anti-rabbit IgG, Alexa Fluor 594 and anti-mouse IgG, Alexa Fluor 647; anti-goat IgG, Alexa Fluor 488).
In vitro angiogenesis assay In vitro angiogenesis assays were performed using the angiogenesis kit from Chemicon, ECM625. The HMVECs were seeded at a density of 10 000 cells per well in a 96-well plate. Complete media alone, or with rhSHH or rhSHH þ 5E1 were the treatment groups. The cells were monitored once every 2 h for 8 h. The notation of results is described by the following numerical designation: (1) cells begin to migrate and align, (2) capillary tubes visible, (3) sprouting of new capillary tubes, (4) closed polygons form and (5) complex mesh structures develop, as described in the datasheet for the assay.
Annexin V and propidium iodide staining The cells were trypsinized, pelleted, washed with 1 Â PBS and resuspended in 1 Â Annexin V binding solution (BD Biosciences, Rockville, MD, USA). Annexin V-FITC (10 ml ) and propidium iodide (2 mg) were added to the cells and allowed to incubate for 30 min at 4 1C. Annexin V binding solution (400 ml) was then added and the cells were analysed by flow cytometry.
Statistical analysis
The in vitro colony-forming assays and invasion assays were analysed using a one-way analysis of variance (ANOVA) test and were graphed using Prizm statistical analysis. Motility assays were analysed using a two-way ANOVA using Prizm. Significance was determined at the 95% confidence interval. Failure-free survival (FFS) was used to analyse the time to tumor progression in the subcutaneous model of tumor growth and progression. FFS was defined as the onset of tumor formation, enabling a calculation for percent disease-free mice relative to time. Estimates of time to tumor formation were calculated using the Kaplan-Meier method and outcomes were analysed using a log-rank test. To compare the incidence of metastasis in the orthotopic model, we used a Fisher's exact test to compare cell lines, whereas a Mann-Whitney test was used to calculate any significant difference in the weight of the primary tumors.
Abbreviations HPNE, human pancreatic Nestin-expressing cell; hTert, catalytic subunit of human telomerase used to immortalize HPNE cells; T-HPNE, transformed HPNE cell line; T-HPNE þ SHH, transformed HPNE cell line expressing sonic hedgehog; SHH, sonic hedgehog; MTT, 3-(4,5-dimethylthiazolyly-2)-2,5-diphenyltetrazolium bromide; Ptch, Patched; Smo, Smoothened; Hhip, hedgehog-interacting protein.
